Diurnal and seasonal variations of raindrop size distribution (DSD) at Gadanki (GD), Singapore (SG) and Kototabang (KT) are studied to elucidate characteristics of DSD in the Asian monsoon region. It is found that DSDs are affected by diurnal convective cycles and seasonal variations in precipitation characteristics. GD has the most significant seasonal variation in DSD. Clear difference in rainfall characteristics between the Southwest and Northeast monsoon seasons is considered to be the main cause of such clear seasonal variation. KT has the most significant diurnal variation of DSD, which is probably caused by the fact that KT is greatly affected by ocean-land contrast and mountain effects to generate local convection in the afternoon. SG has less diurnal and seasonal variations compared with the other two locations, which is related to the fact that SG is affected both by land and oceanic rainfall. Z-R relations apCorresponding author: Toshiaki Kozu, Faculty of Science and Engineering, Shimane University, Matsue, 690-8504, Japan. E-mail: kozu@ecs.shimane-u.ac.jp ( 2006, Meteorological Society of Japan plicable to radar rainfall measurement in these areas are derived. It is shown that the use of the Marshall-Palmer Z-R relation (Z ¼ 200R 1:6 ) gives bias errors of about 1.5 dB or less in rain rate estimation except for the northeast monsoon season in GD, for 12@18 local time during pre-southwest monsoon season in GD, and for 06@12 local time during some monsoon seasons in KT.
Introduction
The information of raindrop size distribution (DSD) is essential for obtaining relations between Integral Rainfall Parameters (IRPs) such as rain rate ðRÞ and the radar reflectivity factor ðZÞ, which is important for quantitative radar rainfall measurement. DSDs are often modeled with the gamma or lognormal functions, and the properties of DSD are described as the characterization of DSD model parameters. IRPs themselves and IRP relations can also be regarded as DSD information. Since it is generally difficult to directly measure DSD or IRP relations, efforts have been made to relate ''macro-scale'' environmental or rainfall properties with DSD or IRP relations and to clarify their diurnal and seasonal dependences. We define ''macro-scale'' here as environmental or rainfall properties having gradual space and/or temporal variability. Rainfall type (convective/stratiform) and rain structures (isolated/organized, shallow/deep, etc.) are among the ''macro-scale'' properties. Diurnal and seasonal variations and their climatological dependences of DSD or IRP relations would also be recognized as relations between ''macroscale'' parameters vs. DSD. Through this kind of DSD characterization processes, the accuracy in radar rainfall estimation may be improved. A number of researchers have attempted this type of approach since the beginning of radar meteorology (e.g., Stout and Mueller 1968; Battan 1973) . In the 1990s revisit to characterizing DSD and/or IRP relations has been made for tropical rainfall in relation to rain estimation algorithms for spaceborne radars. Those studies include DSD variation dependent on wind patterns in Brazil (L'Ecuyer et al. 2003; Tokay et al. 2002) , on season in south India (Reddy and Kozu 2003; Rao et al. 2001) , and on year and rainfall type in Africa (Nzeukou et al. 2004) . Tokay et al. (2001) discussed variability of radar estimates of rain rate due to DSD variation using disdrometer data obtained in tropics for the application to Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) algorithms. In spite of such foregoing efforts, global distributions of DSD and Z-R relationships are still unclear. To overcome the difficulty of making direct measurement of DSD world wide, there are two approaches. One is to utilize satellite information itself to estimate DSD parameters as has been attempted in the course of TRMM PR and combined radar/radiometer algorithms (Iguchi et al. 2000; Haddad et al. 1997) . However, this type of approach has difficulties to validate the DSD estimates. The other approach is to continue the effort to relate the macro-scale environmental rain properties with DSD as discussed above.
We have been conducting rainfall observations at (i) Gadanki (GD), South India, (ii) Singapore (SG), and (iii) Kototabang (KT), West Sumatra, including disdrometer and radar measurements, see Reddy et al. (2002) , Thurai et al. (2003) and Fukao (2006) for the GD, SG and KT cases, respectively. These sites, shown in Fig. 1 , are in the Asian monsoon climate. In the case of KT and SG, near the equator, seasonal variation of background wind field is generally less clear (Okamoto et al. 2003) , which is different from GD. Nevertheless, environmental conditions in Southwest (SW) and Northeast (NE) monsoon seasons are different as can be seen in rainfall and temperature variations (see Fig. 2 ). Such seasonal variations may be overlapped with diurnal variation of precipitation.
In this paper, we will present disdrometer data analyses to elucidate diurnal and seasonal variations of DSD, more specifically, results of statistical analyses of DSD parameters at the three different sites in the Asian monsoon region. Throughout this paper, we focus our main interest on characteristics of relatively large drop diameters, which are reflected in the behavior of higher order moments of DSD used to derive DSD parameters. This is related to the fact that IRPs for radar remote sensing and microwave communication applications are mainly proportional to 3 rd
@6
th moments of DSD (Atlas and Ulbrich 1974; Kozu 1991) . In the following sections, we will first outline seasonal and diurnal variations of DSD separately. Next, two-dimensional analysis of seasonaldiurnal variations of DSD is performed to obtain additional information for extracting the effects of local and large-scale rainfall conditions on DSD, taking into consideration the fact that the magnitude and phase of the diurnal cycle itself may have seasonal dependences. Table 1 lists the location and the period of disdrometer data at GD, SG and KT. Joss RD-69 disdrometers have been used at all of these sites. GD (79.10 E, 13 .47 N) is located around 100 km inland of Chennai, India, and has a relatively dry climate. During the mid to late North-East (NE) monsoon season, i.e. January to April, there is little rainfall at GD. Conversely, SG (103.70 E, 1.38 N) is one of the most rainy regions in the world and there is rainfall throughout the year, although some rainfall peak exist in December due to monsoon. KT (100.32 E, 0.20 S) is located in a mountainous region near Padang, West Sumatra, Indonesia, and is affected by both local convective activities and monsoon.
Observation sites and rainfall characteristics
Although all sites are in the Asian monsoon climate, seasonal variations in ground temperature and rainfall are much different, as is shown in Fig. 2 . Seasonal variations in ground temperature and rainfall are most significant in GD, and less significant in SG and KT. This is reasonable when we consider that GD is lo- cated at 13.5 degrees of latitude, and SG and KT are close to the equator. This also suggests that GD has more seasonal variation in DSD characteristics than SG and KT. In South India, the convective storm top height extracted from TRMM PR 3A25 product peaks in March to May (7-9 km), and is at its lowest in November to December (5-6 km). Around SG and KT, the convective storm height from the 3A25 shows a similar seasonal variation to that in South India, but the variation is around half (7.5 to 6 km over the whole year), as is shown in Fig. 3 . To describe the seasonal variation of DSD, we divide a year into four seasons; preSouthwest (pre-SW), Southwest (SW), preNortheast (pre-NE) and Northeast (NE) monsoon seasons (Reddy and Kozu 2003) . These correspond to April-May, June-September, October-November, and December-March, respectively. Note that in SG and GD, zonal wind is generally weaker than 3 m/sec, and seasonal variation of wind is unclear (Okamoto et al. 2003) , so the designations ''northeast'' and ''southwest'' do not necessarily correspond to actual wind direction.
If rainfall is generated by local convective activities and has characteristics of precipitation over land, afternoon convection development would play a major role to form diurnal variation of rainfall. Conversely, large-scale cloud systems are expected to cause continuous or intermittent rainfall, making the diurnal cycle of rainfall less significant. Another fact affecting the diurnal cycle is that the phases of diurnal cycles for rain over ocean and rain over land are different (Takayabu 2002; Mori et al. 2004 ). Due to the diurnal cycle for oceanic rain having a peak around midnight to early morning, which is different from the afternoon peak over land, if an observation site is located along the coast line, rainfall characteristics would be affected both by oceanic and land rainfall, again causing a less significant diurnal cycle or ''double peak'' in rainfall. Figure 4 shows diurnal variations of rainfall in GD, SG and KT for four different monsoon seasons. In this figure, each rainfall indicates the yearly averaged rainfall amount during a given season and two-hour period for the period of disdrometer data shown in Table 1 . From Fig. 4 , it appears that diurnal variation and the afternoon peak of rainfall are most clear in KT, whereas diurnal variation in rainfall is unclear in SG although some double peaks are observed in the diurnal variation except for the SW monsoon season. This result indicates that rainfall in SG is affected by oceanic rainfall. Mori et al. (2004) examined the diurnal cycle of rainfall around Sumatra using TRMM satellite data. Their results from TRMM PR ( Fig. 3 in Mori et al. 2004) indicate that rainfall in KT has a clear diurnal cycle involving an afternoon peak, whereas rainfall in SG has more complicated diurnal variation, affected by oceanic rainfall. In GD, diurnal variation of rainfall appears in general. However, the afternoon peak is less significant than in KT, and diurnal variation is not clear in the pre-NE and NE monsoon seasons, which is different from KT.
Outline of DSD and Z-R relations
Before discussing the details of DSD characteristics, we outline the general feature of DSD. Considering that the most direct property relating to DSD for radar remote sensing is the Z-R relation, we examine Z-R relations as well as average DSDs. It is noted that the Z-R relation is used rather for practical viewpoint for radar rainfall measurements and mainly represents properties of intermediate to large drop diameters because R and Z are proportional to higher order DSD moments (Kozu 1991) , while the average DSD represents overall DSD characteristics. Figure 5 shows average DSDs at the three sites for specific rain rates of 3 mm/h and 30 mm/h for the four monsoon seasons. For this processing, DSDs having a rain rate of 4.77 dBR (3 mm/h) G 0.5 dB or 14.77 dBR (30 mm/h) G 0.5 dB are extracted and used for the averaging. These rain rates are used as typical values representing ''light'' and ''heavy'' rain rates.
As shown in these figures, the most significant seasonal variation is found in GD in which DSDs in the NE monsoon season are much narrower than other seasons. This distinct feature was also found in Reddy and Kozu (2003) and Rao et al. (2001) . Conversely, DSDs in KT and SG have much less seasonal variation than in GD. For the 30 mm/h range, DSDs in SG are somewhat narrower in the SW monsoon season, and those in KT are somewhat broader in the pre-NE monsoon season than other seasons. They are not necessarily significant since these seasonal differences appear only in the range of log 10 NðDÞ A 1 or less. In fact, there are no significant differences in Z-R relationships among different monsoon seasons in SG and in KT , as is shown in Table 2 in which Z-R relations for the four monsoon seasons at the three sites are summarized. The Z-R relation for the SW monsoon in SG is Z ¼ 285R 1:39 , whereas the averaged Z-R relation for other seasons is Z ¼ 250R 1:47 . The Z-R relation for the pre-NE monsoon in KT is Z ¼ 168R 1:55 , whereas averaged Z-R relation for other seasons is Z ¼ 211R 1:48 . To see the variability of DSD having a diurnal cycle, in Fig. 6 , we plot the DSDs averaged over specific 6-hour intervals; 0-6, 6-12, 12-18 and 18-24 local hours. Diurnal variations of DSD are significant at the 30 mm/h range, especially in KT. SG has smaller diurnal variation than other sites, which is probably caused by the effect of the oceanic nature of rainfall in SG. In general, morning (00-12 LT) DSDs for the intense rain rate at the 30 mm/h range are narrower than afternoon ones. Considering that the local convective cycle over land is expected to cause the peak rainfall activity in the afternoon, this result indicates that the rainfall associated with the local convection produces broader DSDs. We note here on the number of DSD samples to generate Figs. 5 and 6 and the variability of NðDÞ. The number of DSD samples is generally more than 30 (all cases for the 3 mm/h range and more than 70% of the cases for the 30 mm/h range) and the normalized standard deviation is typically 50% at each disdrometer channel for a given rain rate range (3 or 30 mm/h G 0.5 dB). Therefore, the normalized standard deviation of mean NðDÞ estimates would generally be about 10%. However, in the cases of the 30 mm/h range for the NE monsoon season and for the 0-6 LT period at GD, the number of samples is less than ten, which causes degraded accuracies of mean NðDÞ estimates (normalized standard deviation A 20-30%). Nevertheless, qualitative discussions should still be valid on the seasonal and diurnal variation involving these cases, considering that the differences between the log 10 NðDÞ of 30 mm/h range during the NE monsoon season and others (see Fig. 5(a) ) and between the log 10 NðDÞ of 30 mm/h range during 00-06 LT and those in the afternoon (see Fig. 6 (a)) are about 5 dB or more for the diameter range of 3.5 to 4 mm.
From the above discussions, it has become evident that DSD characteristics in GD are different from those in SG and KT in terms of seasonal variations, and that KT and GD have diurnal variations greater than in SG. However, these evidences are only from ''marginal'' distributions of DSDs as a function of season or local time, and there are some problems in the ''quality'' of average DSD when the number of DSD samples is small as mentioned above. In the following, we study the seasonal-diurnal variations of DSD in more detail, using DSD parameters instead of DSD itself to make the expression of DSD variation simpler.
DSD parameters studied
Considering that the most direct DSD parameter for radar remote sensing is the Z-R relation, we use a DSD parameter DZ MP (dB) defined by:
1:6 Þ ð 1Þ where R is the rain rate. Since R is approximately proportional to the 3.67 th moment of DSD, M 3:67 , i.e. R ¼ c R M 3:67 (Atlas and Ulbrich 1977) , we can express DZ MP as follows (Kozu et al. 2005) : That is, DZ MP has the characteristics useful for practical radar applications, and is a measure of ''mean diameter'' weighted to intermediate to large drop diameter range since it is derived from M 6 and M 3:67 . The other DSD parameter studied is the shape parameter m which is one of the parameters of the gamma DSD model:
where D is drop diameter, NðDÞ is DSD, N 0 and L are amplitude and scaling parameters of the gamma DSD model. The shape parameter m is derived from the 3 rd , 4 th and 6 th moments of DSD, M 3 , M 4 , and M 6 respectively using the following equation (Kozu and Nakamura 1991) :
Note that xth moment of DSD, M x is defined as
The purpose to examine m is to investigate the effects of micro-physical processes on the shape of DSD.
Seasonal-diurnal variation diagram of DSD
To study the details of seasonal-diurnal variations of DSD parameters, statistical process- ing for each 2-week by 2-local hour box is performed. Figure 7 shows 2D seasonal-diurnal diagrams of DZ MP derived from disdrometer data at GD, SG and KT for which the average of DZ MP for a 2-week by 2-local hour box for the rain rate ranges from 1 to 3 mm/h and from 10 to 30 mm/h. Although we do not employ radar data to classify rainfall types, 10 to 30 mm/h data would approximately represent characteristics of convective DSDs. Investigation of DSD characteristics with radar classification of rainfall type is a subject of further study. Note that positive and negative values of DZ MP indicate broad and narrow DSDs respectively, in comparison with a DSD generating Z ¼ 200R 1:6 . General characteristics of DZ MP obtained from Fig. 7 are as follows.
(1) In GD, the seasonal variation of DZ MP is evident for both the 1@3 mm/h and the 10@30 mm/h ranges. DZ MP monotonically decreases from pre-SW to NE monsoon seasons. Although there is clear diurnal variation in rainfall especially during the pre-SW and SW monsoon seasons (see Fig. 4 ), This feature is less evident in the pre-NE and the early part of NE monsoon seasons (November-December). Considering that in the early afternoon, rains due to local convection are dominant, and that in the evening-to-midnight period, organized convective/stratiform rain systems over land to coast lines are dominant (Mori et al. 2004) , the results suggest that the local convective rain and organized rain systems have different micro-physical processes.
For more quantitative comparison of DZ MP , and to show the seasonal-diurnal characteristics of the shape parameter m at GD, SG and KT, DZ MP and m values averaged over each monsoon season and each 6-hour local time period are plotted in Figs. 8 and 9 as seasonal dependences of DZ MP and m for 0@6, 6@12, 12@18 and 18@24 local hour intervals. A number of characteristics can be drawn from these figures, which are summarized in Table 3 , showing clear differences in seasonal and diurnal characteristics at the three locations. In addition to Table 3 , supplementary notes are given below:
(1) In GD, significant seasonal variations are found in m as well as in DZ MP . The m value increases from 6 to 7@8 (pre-SW to NE monsoon seasons), while DZ MP shifts from around þ2 to À3 (pre-SW to NE monsoon seasons). Since higher order moments are used to derive m (Eqs. 4 and 5), the variation of m should be greatly affected by the behavior of raindrops of relatively large diameters. Therefore the large m values suggest that particle growth in large diameter drops is suppressed, which may be due to the weak convective activity in the NE monsoon season.
(2) In SG, no significant diurnal or seasonal variations are found in DZ MP or m except for values in early afternoon (12@18 LT) at the 10@30 mm/h range (DZ MP is 1 to 2 dB higher and m is slightly smaller than other local hours). This means that the DSD in SG is affected by the local convective cycle to some extent, which appears in the DSD characteristics at 12@18 LT. we find that high (low) DZ MP values correspond to low (high) m values. This means that large m values are given by the reduction of the number density of large raindrops rather than the depression of the number density of small raindrops. (5) DZ MP for the 1@3 mm/h range is found to have small diurnal variation in GD and SG, while there is a clear diurnal variation in KT. In contrast, DZ MP for the 10@30 mm/h range generally has large values in the afternoon (12-18 hours LT) at all the three sites.
Discussions
From the above described analysis results, several points have become clear.
The first is the difference between equatorial regions (SG and KT) and the location at 13-degrees north latitude (GD). GD should be more directly affected by seasonal change in the nature of rainfall. As discussed in Reddy and Kozu (2003) , rainfalls in NE monsoon originate from the Bay of Bengal, while those in SW monsoon are dominated by intense local convection. This results in the seasonal change in rain top height as shown in Fig. 3 . The clear difference in rainfall nature between the SW and NE monsoon seasons would directly affect the DSD properties, both in DZ MP and m. Conversely, a local convective cycle is still active, even in the NE monsoon in KT and SG. Such local convection would cause broader DSDs during the NE monsoon season in KT and SG than in GD.
The second is the difference between mountainous location near coastline (KT) and others (no high mountains around GD and SG probably caused by the fact that KT is greatly affected by ocean-land contrast and mountain effects, which generates local convection in the afternoon (Mori et al. 2004) . However, such clear diurnal variation becomes smaller in the NE monsoon season than other seasons, which is seen both in DZ MP and in m. This is probably due to the fact that during the NE monsoon season, rainfall from large cloud systems is predominant, causing smaller diurnal variation not only in rainfall but in DSD parameters. A similar result has been found in intraseasonal variation of DSD (Kozu et al. 2005 ).
The third is the difference between semioceanic location (SG) and others. In SG, both DZ MP and m show small seasonal and diurnal variations in comparison with the other locations, although the afternoon peak in DZ MP is still evident, indicating the existence of a local convection cycle to some extent. A mixture of land and oceanic rainfall characteristics, as seen in SG, may be found in other places having geographical conditions similar to SG. The degree of diurnal cycle may be determined by the degree of ocean/land mixture. The small seasonal variation in DSD would be related to the relatively constant rainfall over the year at SG, although there are some peaks in rainfall due to NE monsoon in November to December.
It is reported from the disdrometer observation in the tropical West Pacific (Tokay and Short 1996) that there is a distinct difference in DSD between convective and stratiform rain types; the former clearly has narrower DSDs and the latter has broader DSDs. Conversely, Yuter and Houze (1997) (stratiform). In GD and SG, a boundary layer radar (Reddy et al. 2002) and a vertical looking S-band rain radar (Thurai et al. 2003) have been operated, respectively. Using Doppler and Z-factor profiles, we have made an approximate convective and stratiform classification. It is found that in both GD and SG, the ratio of the number of stratiform rain cases to that of convective rain (S/C ratio) has its maximum in the middle of the NE monsoon, and its minimum in the pre-SW monsoon. A similar trend has also been observed in Indonesia (Renggono et al. 2001) . This information helps to detect seasonal variation of rainfall types and underlining environmental conditions. It appears that the S/C ratio has a clear correlation with DSD in GD, but not so clear in both SG and KT. In the former case, stratiform rain in the NE monsoon season is associated with oceanic cloud systems, causing relatively shallow, light rain. In contrast, in the case of SG and KT, a diurnal convective cycle is still evident, which would be reflected to broader DSD than in the NE monsoon season in GD. The difference between the tropical West Pacific study (Tokay and Short 1996) and the present study is probably due to the different characteristics involving oceanic and land convective clouds.
Z-R relations
A usual way to express the relation between Z and R for radar rainfall measurement is to use a power law, Z ¼ aR b . As a summary of the above discussion on 2-D variations of DSD parameters, power-law fitted Z-R relations from principal component analysis of dBR and dBZ are shown in Fig. 10 . A more detailed list of Z-R relations is given in Table 4 . In Fig. 10 , DZ MP ¼ 0 dB represents that the Z-R relation is the same as the MP Z-R relation (200R 1:6 ), and positive (negative) DZ MP represents that Z for a given R is greater (smaller) than the value given by 200R 1:6 . In addition to the Z-R relation for each season at each site, the Z-R relation for 06@12 LT during the pre-NE monsoon season in KT and that for 12@18 LT during the pre-SW monsoon season in GD are also plotted, which are significantly different from the MP Z-R relation. To keep the readability of Fig. 10 , only Z-R relations for the limited cases are plotted from many Z-R relations for different monsoon seasons and local times because most of the other Z-R relations are relatively close to the MP Z-R relation. It is found that variations in Z-R relation are at most G1.5 dB from the MP Z-R relation except for the NE monsoon in GD, for 12@18 LT during the pre-SW monsoon in GD, and several Z-R relations for 06@12 LT in KT. Since 06@12 LT is generally the ''bottom'' of the diurnal cycle of rainfall (see Fig. 4 ), the number of samples to generate Z-R relation is relatively small especially in KT and GD. Moreover rainfall during 06@12 LT may be a ''leakage'' of 00@06 or 12@18 LT rainfall, having different DSD characteristics. It has been found that the Z-R relation during the 06@12 LT period is somewhat unstable compared with other local time periods. Such leakage may be a cause of the instability of the Z-R relation during 06@12 LT.
Finally we consider appropriate Z-R relations applicable to radar rainfall measurements in these Asian monsoon areas. From Fig. 10 and Table 4 , we can conclude that the use of the MP Z-R relation for GD, SG and KT gives bias errors of about 1.5 dB or less in rain rate estimation except for the two cases: (1) the NE monsoon season and 12-18 LT during the pre-SW monsoon season in GD where seasonal variation of DSD is significant, and (2) 06@12 LT during the pre-SW, SW and pre-NE monsoon seasons in KT where diurnal variation of DSD is significant. If we use a ''best-fit'' single Z-R relation which may be an average of Z-R relations at all sites and local hours, the bias error will be reduced to about 1 dB. However, care has to be taken concerning the following two points. One is the possible large seasonal variation of DSD in the area where the origin of rainfall greatly changes depending on the season, such as at GD. Second is the possible large diurnal variation of DSD in the areas where diurnal variation of rainfall is significant. In the case of KT, morning DSD is generally narrower than at other local hours. If we can develop DSD or Z-R relation models for such season and local hours in addition to the single model for other locations, seasons and local times, overall estimation accuracy will be improved. This requires further study. Nevertheless, it is encouraging that we can use a single Z-R relation with a reasonable bias error for the three locations having different climatic characteristics within the Asian monsoon region. 
Concluding remarks
Diurnal and seasonal variations of DSD in Gadanki (GD), Singapore (SG) and Kototabang (KT) have been studied to elucidate characteristics of DSD and Z-R relations in the Asian monsoon region. It is found that DSDs are affected by both diurnal convective cycle and seasonal variation of rainfall characteristics.
GD has the most significant seasonal variation in DSD. The seasonal variation is evident both in DZ MP and m, for light and heavy rain rate ranges. The clear difference in rainfall characteristics between SW and NE monsoon seasons would be the main cause of such clear seasonal variation.
KT has the most significant diurnal variation of DSD. The diurnal variation is evident in both DZ MP and m, for light and heavy rain rate ranges. Changes in the DSD parameters observed from early afternoon to midnight suggest that local convective rain and organized rain systems have different micro-physical processes. The clear diurnal variation in KT is probably caused by the fact that KT is greatly affected by ocean-land contrast and mountain effects to generate local convection in the afternoon. However, this feature is less evident in the early part of NE monsoon season (December).
SG has less diurnal and seasonal variations of DSD compared with the other two locations, although there appear some diurnal variations in the heavy rain rate range in which early afternoon DZ MP is somewhat larger than in the morning. These characteristics are related to the fact that SG is affected both by land and oceanic rainfall.
It was shown that the use of the MP Z-R relation (Z ¼ 200R 1:6 ) for the three disdrometer sites gives bias errors of about 1.5 dB or less in rain rate estimation except for the two cases; (1) the NE monsoon season and 12-18 LT during the pre-SW monsoon season in GD, and (2) 06@12 LT during the pre-SW, SW and pre-NE monsoon seasons in KT. From the characteristics of DSD and Z-R relations at these sites, it was suggested that the Z-R relation may show significant seasonal variation in the area where the origin of rainfall and surrounding environment depend heavily on the season. A similar caution would need to be taken in the area where there is a significant diurnal variation of rainfall.
In this paper, rainfall type classification was not seriously examined since we thought that DSD characteristics at 1@3 mm/h and 10@30 mm/h ranges roughly represent characteristics of stratiform and convective DSDs. More detailed DSD study with rainfall type classification using radar data would be useful to study the relation between microphysical processes and DSD. In addition, the vertical structure of DSD needs to be studied further in order to elucidate the details of DSD evolution during raindrop falling.
